Medaka is an ideal model system for developmental studies as it combines the advantages of powerful genetics and classical embryology. Due to the accessibility, transparency and fast development, embryogenesis and morphogenesis can be followed in vivo. Microscopic timelapse imaging, however, requires the immobilization of the object to be observed. In medaka rhythmical contractile movements of the blastoderm during early development hampered time-lapse studies, as they cause the embryo to rotate vividly. Here we show that the contractile movements can be reduced by continuous treatment with the gap-junction uncoupling agent n-heptanol up to the 12-somite stage (stage 23) without interfering with development. This allows for the first time to perform high-resolution time-lapse studies in medaka. q
Introduction
Microscopic time-lapse imaging is an important and powerful technique to in vivo follow the development of cells and organs. Recent advances in imaging techniques, the development of confocal and two-photon laser-scanning microscopes combined with the use of green fluorescent protein (GFP) has opened new possibilities. The number of fluorescent proteins with different spectral properties is steadily growing (Matz et al., 2002) . Taking into account recent advances in transgenesis and enhancer-trapping (Grabher et al., 2003; Thermes et al., 2002) , different structures in the embryo can be marked by expressing GFP under the control of specific promoters or enhancer elements. Subsequently, their development and morphogenesis can be followed in real-time. Moreover, destabilized GFP variants can be used to monitor promoter activity in the living embryo.
The killifish medaka (Oryzias latipes) is an ideally suited genetic model organism that has been used to study embryogenic development and sex determination . Due to the transparency of embryo and yolk, development can easily be observed by light microscopy. However, from mid-epiboly stages onwards (Iwamatsu stage 14/15 ) rhythmic contraction waves propagate across the periderm of the embryo and cease only after the onset of heart beat (stage 26) (Fluck et al., 1983; Iwamatsu, 1994; Robertson, 1979; Yamamoto, 1975) . The amplitude of the contractions peaks around stage 18 and decreases afterwards (Cope et al., 1990) . In mid-epiboly the waves originate from a pacemaker region in the ventral region of the blastoderm located 1808 in longitude from the embryonic shield (Barber et al., 1987) . After completion of epiboly the waves move over the entire surface of the embryo causing it to rotate within the chorion. These vivid movements and rotations preclude microscopic time-lapse observation that requires the immobilization of the specimen.
Rhythmical contractile movements are known for other teleost species, such as goldfish (Carassius auratus), where they appear only over the surface of the uncovered yolk sphere from cleavage to the closure of the blastopore. In pike (Esox lucius) and sticklebacks (Gasterosteus and Pygosteus) movements of the Carassius-and Oryzias types appear (Yamamoto, 1975) . Their function is unknown but they occur predominantly in embryos with a high yolk to cytoplasm ratio and simple vitelline vessels. It has thus been proposed that the movements might aid the transport and adsorption of yolk components to the blastoderm (Yamamoto, 1975) .
During its development the embryo is covered by the enveloping layer (EVL), a simple epithelium that serves as a protective shield but is not incorporated into the body tissues of the adult animal (Fleig, 1993; Warga and Kimmel, 1990) . A thin layer of stellate-like cells beneath the EVL is responsible for the contractile movements (Cope et al., 1990) . The contraction waves depend on extracellular calcium (Fluck et al., 1984) and can be inhibited by inorganic calcium antagonists (Fluck et al., 1984; Sguigna et al., 1988) or stimulated by the calcium ionophore A23187 (Fluck et al., 1984) . More recently it was found that contraction waves are preceded by intercellular Ca 2þ waves and intracellular Ca 2þ oscillations within the stellate cell layer, indicating a role for gap junctional communication (Fluck et al., 1991; Simon and Cooper, 1995) . Indeed, the contractions can be inhibited by decreasing the pH i (Fluck et al., 1983) or by directly closing gap junctions (Cope et al., 1990 ).
Here we report that contractile movements can be blocked by continuous treatment with n-heptanol without interfering with development. This allows to perform highresolution time-lapse microscopy on medaka embryos.
Results and discussion
Bathing of embryos for 40 min in either of the gapjunction inhibitors o-nitrobenzylacetate (o-NBA), n-heptanol or n-octanol blocks pulsing activity for 10 -60 min, followed by a complete recovery from the block (Cope et al., 1990) . For long-term microscopic time-lapse we intended to block the contractile movements over long periods. In order to analyze the effect of these substances on development we tested them by bath application. o-NBA in a concentration of 1 mM immediately arrested development (data not shown). It has been shown, that o-NBA at concentrations of 1-5 mM reduces gap junction conductance by drastically acidifying the cytoplasm (Spray et al., 1984) . This decrease in pH i might well be responsible for the negative effects on the embryos. N-heptanol and n-octanol, however, uncouple gap junctions without decreasing the intracellular pH or affecting the Ca 2þ concentration (Meda et al., 1986) . In medaka embryos neither octanol nor heptanol affected early development when applied in a concentration of 1 and 3.5 mM, respectively (Fig. 3F) . Only a minor slowdown of the rate of development was observed. While untreated embryos developed from early gastrula stage (st. 16) to the 9-somite stage within 28 h at 18 8C, siblings treated with 3.5 mM heptanol developed to the late 8 somite stage. By careful morphological examination there was no difference in the extent of development compared to control embryos at the 8-somite stage. Further experiments were performed only with 1-heptanol. Embryos were dechorionated and incubated in balanced salt solution (BSS) containing 3.5-7 mM 1-heptanol depending on the developmental stage. As the amplitude of the contractions is highest at stage 18 (Cope et al., 1990) , higher concentrations were needed for inhibition, whereas 3.5 mM is sufficient for gastrula stages (st. 16) or later in development. Embryos were incubated for at least 1 h to stop all contractile movements before embedding them in 0.5 -1% low melting point agarose in glass-bottom petri dishes (Fig. 1) . All media contained 1-heptanol (3.5 -7 mM) as the embryos otherwise recover rapidly from the effect of the drug. Subsequently, the embryos were analyzed under a light microscope. Fig. 2 shows a short time-lapse sequence over 12.5 min. Without heptanol treatment the embryos exhibit contractile movements and rotate even in stringent embedding medium of 1% agarose. One contractile wave runs across the yolk within one minute at 25 8C ( Fig. 2A -E, see figure legend; see also supplementary information, Video 1). Eventually, the embryo turns and disappears from the field of view. Heptanol-treated embryos show reduced contractions that are not spreading as a wave over the time period observed (Fig. 2F -J and supplementary information, Video 2). The embryo is thus immobilized in the embedding medium and amenable to microscopic observation. Longterm imaging over 21 h showed that the embryo develops normally in the presence of 7 mM heptanol ( Fig. 3 and supplementary information, Video 3). The embryo was embedded in 1% agarose at the optic vesicle stage (stage 18) and observed until early somitogenesis (stage 22). The contractions were not completely inhibited but strongly reduced; the embryo was prevented from rotating in the agarose.
We followed optic cup morphogenesis. During the first hours the optic vesicle is growing in size, two layers of equal width can be distinguished (Fig. 3B) . Moreover, the body cavity has formed on the surface of the yolk sphere (see arrows in Fig. 3B ). Subsequently, the vesicle starts to fold distally, concomitantly with the thickening of the lens Fig. 1 . Embedding setup. Embryos were embedded 'upside-down' in a 35 mm petri dish, with a 10 mm opening in the center to which a glass coverslip of 1.5 thickness is sealed (MatTek, Ashland, MA). The dish was half-filled with 0.5-1% low melting point agarose, to which the embryo was transferred and oriented with a cut-off microloader tip. Upon solidification of the agarose, the dish was filled with medium. Agarose and medium contained 3.5 -7 mM heptanol. Imaging was performed on inverted microscopes. Fig. 2 . n-Heptanol inhibits rhythmical contractile movements. Still images of a short time-lapse sequence of 12.5 min with images taken every 5 seconds. The upper panel (A-E) shows a stage 18 embryo embedded in 1% agarose without the addition of n-heptanol. The embryo presented in the lower panel (F -J) has been treated with 7 mM 1-heptanol. Without the addition of n-heptanol the embryo contracts rhythmically, one contractile wave travels across the yolk within one minute (see arrows in B-D, the images are 1 min apart). These contractions cause the embryo to rotate and eventually to disappear from the camera field. Treatment with 7 mM heptanol inhibits the contractile waves. Contractile events are still seen (see supplementary information, Movie 2) but they are not spreading as waves over the time period observed. The asteriks in (F) marks the oil droplet. The images were recorded at a Leica DM ASW workstation, magnification is 10 £ . placode. Upon further invagination, the cells in the proximal cell layer change shape and cause the layer to flatten; it will later give raise to the retinal pigmented epithelium. The distal layer that will differentiate to the neural retina, enlarges (Fig. 3E) . At the same time the lens develops from the lens placode. The neurocoele is formed into fore-, midand hindbrain (Fig. 3F) .
In order to study morphogenetic processes in more detail we used confocal microscopy in combination with fluorescent proteins. We injected histone H2BdiHcRed mRNA (Gerlich et al., 2003) at a concentration of 200 ng/ml into one-cell stage embryos, to fluorescently label all nuclei. The embryo was treated with 3.5 mM heptanol, embedded at late gastrula stage in 0.5% agarose and subjected to confocal time-lapse microscopy on a Leica TCS SP2 setup. Z-stacks were recorded every 10 min over 138 mm at an interval of 3 mm. The images were 3D reconstructed over time using the Volocity software (Improvision, UK). The sequence (Fig. 4 and supplementary information, Video 4) shows the convergent extension movements of neural plate cells and the formation of the neural keel. Subsequently, the optic vesicles evaginate from the forebrain. Again, residual contractile activity was observed exerting only minor influence on the position of the embryo and did not interfere with imaging.
In summary, we present a method that allows imaging of early stages of medaka development by continuous treatment of embryos with the gap junction inhibitor heptanol. We did not observe an influence on development at the concentrations used (3.5 -7 mM). In early medaka embryos heptanol has no detrimental effect on the cells, although we have not tested stages earlier than gastrulation. The residual contractile activity indicates that gap junctional conductance is not blocked, but only reduced which might also account for its lack of a negative effect on development.
The contractile movements stop soon after the onset of heart beat. All rhythmic activity ceases at the 22-somite stage (stage 26) (Cope et al., 1990) . At this time-point blood circulation is already functional for 4 h at 26 8C. Addition of heptanol to embryos with a functional blood circulation leads to an immediate collapse of the blood vessels although the heart beat is not affected. Gap junctions are ubiquitously distributed among vascular wall cells and involved in contraction and relaxation (Christ et al., 1996) . With the exception of a short developmental time window of about 8 h (st. 24-26) medaka development is fully amenable to Fig. 4 . 3D reconstruction of anterior development using histone H2BdimerHcRed as nuclear marker (Gerlich et al., 2003) . Embryos were injected with H2BdiHcRed mRNA at one-cell stage and treated with 3.5 mM heptanol. The embedding medium consisted of 0.5% agarose. high resolution 4D imaging. To overcome that limitation, embedding medium of 1% agarose or higher can be used to immobilize the embryo at these late stages, as the contractile movements are not as regular and efficient anymore. Later in development the anesthetic MS-222 efficiently blocks muscle contractions and thus prevents the embryos from moving.
Experimental procedures

Embryo rearing and dechorionization
Medaka embryos and adults of the orange-red or inbred Cab strains were used in all experiments (Loosli et al., 2000) . Embryos were dechorionated and incubated in balanced salt solution (BSS) consisting of 111.5 mM NaCl, 5.37 mM KCl, 0.8 mM MgSO 4 , 1.36 mM CaCl2, 1% PEG 20.000, 100 U penicillin, 100 U streptomycin (GibcoBRL). The pH was adjusted to pH 7 using a 5% NaHCO 3 -solution. To remove the chorion embryos were incubated for 1 h in Proteinase K (10 mg/ml in H 2 O) with rigourous agitation until the chorion hair disappeared. Embryos were rinsed three times with water and incubated in hatching enzyme until the chorion was reduced to a soft skin. The embryos were transferred to a petri dish with BSS using a cut-off tip and the chorion was gently removed using watchmaker's forceps. For dechorionated embryos petri dishes covered with 1% agarose in BSS (w/o PEG and Pen/Step) were used to prevent embryos from adhering to the dishes.
Preparation of hatching enzyme
Five-hundred microliters of embryos were collected prior to hatching (7 dpf) in a 2 ml Eppendorf tube and shock frozen in liquid nitrogen. After passing them through three successive freeze/thaw cycles, the embryos were homogenized with a pestle, centrifuged for 5 min and the supernatant was collected. The pellet was again homogenized after addition of 500 ml PBS, centrifuged, and the two supernatants were combined. An additional centrifugation step of 10 min was used to purify the hatching enzyme from residual debris and oil.
Heptanol treatment and mounting
Dechorionated embryos were incubated in BSS containing 3.5-7 mM 1-heptanol (Sigma, 3.5 M stock in DMSO) depending on the stage for 1 h to block contractile movements. Embryos were embedded in 0.5 -1% lowmelting point agarose (BIOzym) in BSS (w/o PEG and Pen/Strep), containing 3.5 -7 mM 1-heptanol using glassbottom petri dishes (MatTek, Ashland, MA). 1-heptanol was added after cooling the agarose to 35 8C to prevent evaporation. After the agarose had solidified, the dish was filled with BSS/3.5-7 mM 1-heptanol.
Embryos were staged according to Iwamatsu (Iwamatsu, 1994) .
mRNA injection
For labeling all nuclei embryos were injected at the one-cell stage with 200 ng/ml histone H2BdiHcRed mRNA (Gerlich et al., 2003) in 1 £ Yamamoto buffer as described (Koster et al., 1997) .
Microscopy and image analysis
Brightfield time-lapse recordings were obtained with a HC PL FLUOTAR 10 £ 0.3 NA air objective on a Leica AS MDW workstation with a Leica DM IRE2 inverted microscope at an ambient room temperature of 24 8C. The images were analyzed in ImageJ (http://rsb.info.nih.gov/ij/).
Confocal time lapse recordings were made with a HC PL APO 10 £ 0.4 NA immersion objective on a Leica confocal microscope TCS SP2 at a temperature of 20.5 8C. Z-stacks were recorded every 10 min by scanning areas of 499.15 £ 499.15 mm (0.975 mm pixel 21 ) with 3 mm steps over a total distance of 138 mm.
The acquired z-stacks were volume reconstructed over time using the software Volocity (Improvision, UK).
